Using liquid crystals to control the propagation of microwaves is a potentially interesting technology. By incorporating small amounts of liquid crystal in thin slat metal structures through which the microwaves may resonantly pass a whole new range of voltage tuned microwave devices are becoming available. Metallic sub-wavelength slit structures at microwave frequencies have been constructed which show Fabry-Perot type resonances in very thin slits. If the dielectric in such thin slits is an aligned liquid crystal it is found possible to voltage-control the resonant frequencies.
INTRODUCTION

Previous work
Microwaves and liquid crystals
We shall ignore strip line devices, which allow liquid crystals to be easily made part of the structure but which have many other limitations. One of the earlier 'bulk' devices to employ microwaves with liquid crystals was demonstrated by Lim et al 1, 2 who proposed a millimetre wave phase shifter. Birefringence of the liquid crystal material at microwave frequencies was measured by containing it within a section of rectangular waveguide, and placing it in one arm of an interferometer. The phase shift produced by the liquid crystal was compensated for by a 360Û PHFKDQLFDO SKDVH VKLIWHU in the other arm of the interferometer. To obtain a well aligned monodomain a magnetic field of 5kG was imposed by a permanent magnet. The director alignment (average orientation of the molecular axes) was parallel to the E-vector of the millimetre waves. A central plane electrode placed within the waveguide, parallel to the long sides of the waveguide, Further work has been conducted on millimetre-wave phase shifters using liquid crystal waveguides by Guerin et al (1997) 3 . Tanaka et al (2000) 4 investigated the transmission properties of a grating-patterned electrode structure LC cell.
The transmittance of the LC cell was found to be 70-80% for polarization parallel to the grating vector, and 7-8% for polarization perpendicular to the grating vector. It was found that changing the orientation of the liquid crystal director via an applied electric field had an effect on the transmissive properties, even though the field was inhomogeneous due to the grating pattern of the electrode structure. Later work by Tanaka and Sato (2001) 5 concerned an LC prism, consisting of a wedge-shaped stack layered structure of metal substrates and nematic liquid crystal dielectric material, as shown below. The millimetre wave polarization direction was parallel to the grating vector of the stack-layered structure. Metal slats allow the application of voltages to change the alignment of the liquid crystal thereby changing the angle of deflection of the millimetre wave. Tanaka and Sato, (2002) 6 subsequently devised a liquid crystal lens based on the same principles, now using a set of planoconvex metal plates as electrode substrates. The stack of metal plates and liquid crystal layers were as shown in figure 2 , with the liquid crystal layer thickness dictated by glass ball spacers. To facilitate alignment of the liquid crystal the metal substrates were coated with an aligning layer of polyvinyl alcohol which was unidirectionally rubbed.
As before the polarisation of the millimetre wave was parallel to that of the grating vector of the stack. At zero volts the director is aligned parallel to the substrate (homogeneous) due to the aligning layer, and the change in focal length occurs when a voltage is applied across the LC layers, which causes the director to align along the direction of the applied field, changing the effective refractive index of the stack. A focal point of about 78 mm was found with no voltage applied, and this changed to about 62 mm due to the application of a 10V electric field. results to previous devices but with a faster relaxation time due to the polymer network.
Two of the limiting factors of devices discussed so far are slow response times and high insertion loss. These issues were addressed by Kuki at al (2002) 8 in the construction of a variable delay line. A dual-frequency switching-mode liquid crystal (DFSM LC) was used. The advantage of DFSM LC is that the alignment under the application of an electric field depends on the frequency of the control voltage. The DFSM LC used in this experiment aligns parallel to the field when the control voltage is in the low frequency region, near dc, whereas in the higher frequency region of tens of kilohertz the director aligns perpendicular to the direction of the applied field. This means that the liquid crystal director can be driven into either parallel or perpendicular alignment, rather than having to relax into one alignment from the other, reducing response time. The voltage was applied via a strip conductor, which had a narrow width in order to keep the characteristic impedance constant but which lead to substantial insertion loss.
Tanaka and co-workers appear to be the first to appreciate that thin metal sub-wavelength slat structures may be the way forward for liquid crystal devices for microwave applications. We now turn our attention to the transmitting properties of such slat structures before looking in more detail at recent developments with metal slit structures and liquid crystals.
Thin metal slit structures and microwaves
The observation by Ebbesen and coworkers 9 of remarkably enhanced transmission of radiation through sub-wavelength holes in silver films has caused an explosion of interest, both theoretical 10 and experimental in this phenomenon. Their results were for small holes in metal films and it should be emphasised that this is a very different geometry to that of this to two dimensions using a 'wall' of metallic bricks which gave remarkable transmission of microwaves of any polarisation.
All the above studies tended to use slits which, although less than half a wavelength wide, were generally beyond 250 µm. With microwave wavelengths being around 10 mm these slits still satisfy the sub-wavelength condition but are certainly not thin enough for the purposes of aligning liquid crystals, where typically cell thicknesses of order 10 µm are used. This small thickness is required simply to allow good alignment of the liquid crystal director, which demands a cell thickness less than of order 100 µm unless external aligning fields are applied. In order to explore the use of voltage-controlled (as opposed to cumbersome magnetic-field control) liquid crystals in microwave devices it is therefore essential to explore first the propagation of microwaves through much thinner slits. Once the behaviour of such metal slit structures has been established then filling them with aligned liquid crystals should not be too much of a problem.
Theory
Single metal-dielectric interface
The interaction of electromagnetic radiation with metals inevitably involves the potential for the excitation of surface plasmons. These are surface charge density oscillations together with their associated electromagnetic fields. Their dispersion relation is readily obtained by appreciating that they are really none other than modes which satisfy the Brewster condition. Consider a plane interface between two dielectrics. If the incident medium is described by refractive index n 1 (relative permittivity ε 1 = n 1 2 ) with angle of incidence θ 1 and the second medium has index n 2 (ε 2 = n 2 2 ) then for light polarised with its electric vector lying in the plane of incidence (p-polarised or Transverse Magnetic) there is a simple Brewster condition, when there is no reflected component, given by tan θ B = n 2 /n 1 = (ε 2 /ε 1 )
. This is very well known. This expression may be rewritten to solve for the in-plane component of the incident momentum n 1 «Nsinθ B leading to n 1 «Nsinθ B = n 1 «k(tan
. For a trapped surface wave, the surface plasmon, this leads to the very simple expression for the in plane wavevector of the surface plasmon as «k SP = «k(ε 1 ε 2 /(ε 1 +ε 2 ))
All that is required is that this corresponds to a Brewster angle beyond 90 0 since then there is no real propagating wave solution. For this to be the case then ε 2 has to be negative and have magnitude greater than ε 1 . Metals satisfy this condition readily for frequencies below the surface plasmon cut-off (which is generally in the ultra-violet). In the microwave domain where the real part of the metallic permittivity is very negative (typically -10 3 to −10 4 ) the surface plasmon momentum is very close to that of a polariton in the adjacent dielectric. Thus, as illustrated in figure 3 the surface plasmon is very close to the light line and it is almost a plane wave trapped at the metal surface. There will be a small penetration of fields into the metal (the skin depth of order microns) and a very long penetration depth (almost a plane wave) into the dielectric. It is important to introduce these ideas at this stage as for the large part researchers assume that at microwave frequencies metals may be treated as perfect conductors leading to zero skin depth and simple plane waves at the surface. As we shall see later this is not the case and this matters significantly for electromagnetic waves confined within thin slits in a metal.
Double metal dielectric interface, slit modes, or coupled surface plasmons
Thus far we have considered only the surface plasmon at a single metal-dielectric interface but the essence of this study is microwaves confined in thin slits in a metal plate. Thus we need to examine the dispersion relation for modes associated with two adjacent parallel metal surfaces. This is a well explored problem 14 and the dispersion equation for the coupled surface plasmon modes is given by the lowest order solution to:
, with k 0 the free space wavevector. In the situation we are here concerned with the slit width w is much less than the wavelength. Thus we may approximate equation (1) 
equation (2) reduces to:
In turn, since 2 0
, this leads to:
Thus the lowest order (closest to plane wave) coupled mode which exists between two parallel metal plates spaced small distance apart has its wavevector modified from k 0 by the finite conductivity of the metal. With ε i of order 10 7 and k 0 of order 600 m -1 then for a w of 100 µm this correction term in equation (4) is ~1 % of k 0 2 , which is not very significant.
However for thinner slits, which are better for aligning liquid crystals, w may be 10 µm. In which case this correction term is of order 10%, tending of course to dominate for impossibly thin slits. Thus the finite conductance will have a significant effect on both the wavevector of the modes in the thin slits, and also because of the complex part of equation (4) 
A physical interpretation of the conductivity effect
While the mathematics above is relatively straightforward it is worthwhile exploring what is causing the wavevector shift. If we consider the boundary conditions at the metal walls we see that there will always have to be finite field curvature to satisfy both the field amplitude and its gradient. Normally the conductivity is so high that the skin depth in the metal is negligible relative to the dimensions of the problem (wavelength or slit width). Then it is supposed that the boundary condition leaves a simple plane wave solution in the slit. Thus α 1 2 is zero, or the electric field orthogonal to the slit walls is simply invariant across the slit. However as w reduces α 1 2 becomes negative. That is the wavevector component perpendicular to the walls has an exponential character beginning to be imposed upon it. This is perhaps best understood by examining the normal component of D. This has to be continuous, as does its gradient across the air/metal boundary. Consequently near the walls there has to be a spatial gradient to match to the gradient inside the metal, due to the skin effect. Thus there will be, over a distance in the air of order a few skin depths, a spatially varying D field. This variation, which is exponential rather than sinusoidal in character, gives rise to the change in the wavevector in the orthogonal direction. At microwaves since the skin depth is of order 1 µm it is only when the slit width becomes of this order that significant changes are expected. Thus for metal slits, because the surface plasmon at microwave frequencies has very nearly the same wavevector as a free photon the lowest order coupled modes allowed to exist in the slits are essentially little changed from plane free photons. 
RESULTS
Microwaves
. Without liquid crystal
The simplest slit geometry is shown in figure 4a . Using a collimated microwave beam the transmissivity of such a structure is monitored as the frequency of the source is varied. This gives a series of resonant peaks with frequencies closely specified by the simple Fabry-Perot expression:
where N is an integer, n is the refractive index of the dielectric between the metal plates and c is the velocity of light.
Detailed studies of the effect of changing slit width on these resonant modes have already been undertaken 15 . These confirm that there is indeed a strong influence of the finite conductance of the metal as the gap thickness is reduced below about 80 µm. Further they show that the boundary conditions on the fields at the entrance and exit apertures also influence the resonant frequencies. The wider the slits the more the resonant frequency is reduced. While this accords with the trend of an analytic formulation for end effects given by Takakura 16 , the absolute magnitude does not. However there is full agreement with the predictions of finite element modeling code 17 using the conductivity of the metal as fitting parameter. This study clearly confirms that a single slit in a metal plate gives resonant transmission due to the b a excitation of Fabry-Perot like resonances. These electromagnetic states inside the slits are almost plane wavelike in character with a wavelength very close to that of free space photons. Hence they closely match in frequency the predictions of equation (5), which for figure 5a would correspond to 68.7 GHz. However, as mentioned, there is a significant and readily measured shift from this prediction due to two effects. The first, associated with end effects, is a reduction in resonant frequency at high slit widths, the second a reduction at low slit widths due to the finite conductance of the metal. These results show that in the frequency band from 20 to 70 GHz this reduction in frequency at small slit widths occurs below about 100 µm. Figure 5b illustrates the influence of a significantly reduced metal conductivity on the turn down in resonant frequency of the longest wavelength mode observed with this system (N = 2). A very narrow single metallic slit is built from a pair of aluminium plates (see figure 6 ) with insulating mylar spacers at each short end 18 . The dimensions of the plates are length l = 60.00 mm, width t = 20.00 mm and depth 3.00 mm. To facilitate alignment of the liquid crystal the two inner surfaces of the aluminium plates, the walls of the slit cavity, are polished to mirror quality and spin-coated with a polyimide. They are then baked and uni-directionally rubbed along the short edge direction of the plates to provide homogeneous (planar) alignment of the liquid crystal. The polyimide layers also prevent ions entering the thin nematic layer when a field is applied. These two treated surfaces are finally placed together face-to-face with the 75 µm mylar spacers separating them. This structure is then capillary filled with nematic liquid crystal (E7, Merck-BDH) and the plates are connected to an AC voltage source (10 kHz). This single metallic slit sample is then inserted in an absorber aperture and examined for its microwave transmission properties.
With a liquid crystal
Transmission data were taken as a function of frequency and also of applied voltage across the liquid-crystal-filled slit.
As expected there is a set of resonant transmission peaks which move in frequency when various voltages are applied between the plates. Figure 7a shows typical frequency-dependent and voltage-dependent transmission spectra. 
with n e =1.782 and n o = 1.654 at these frequencies. Then finally by integrating across the liquid crystal layer we find the average effective index as a function of applied field. This is shown as the solid line in figure 7b . The agreement between the solid line and data is very good. This experiment then establishes the principle of using well aligned liquid crystal in a small slit in a metal plate to control microwave transmission. (We can of course also use this simple geometry to measure the microwave properties of small amounts of novel materials 20 .) Other more elaborate slat structures may now be considered.
Multiple slits
Without liquid crystal
The resonant transmission of microwaves through a stack of metal plates is well known 12 . Provided the stack is spaced such that it is non-diffractive over the wavelength range studied then it responds very similarly to a single slit but with much higher transmissivity and much less spreading of the exit beam. It becomes in effect a 'filled' Fabry-Perot resonator, with the highly reflecting entrance and exit faces acting as mirrors, with the 'transmissivity' of these mirrors being dictated by the percentage area occupancy by the slits. It is relatively straightforward to take the single slit filled with liquid crystal discussed above and fabricate, using multiple metal slats, a much more strongly transmitting structure.
With liquid crystal
A liquid crystal filled multiple stack is constructed of blocks of 10 cells as shown in figure 8 , comprising in total a stack of 71 strips of aluminium with mylar spacers at each end. In conclusion, by stacking a number of metallic strips with thin gaps between them and filling with aligned liquid crystal a voltage-controlled variable-phase grating at microwave frequencies is demonstrated.
CONCLUSIONS
It is clear that the use of thin metal slits filled with nematic liquid crystals is capable of yielding novel types of microwave devices. However liquid crystals still need to be developed which have low loss at microwave frequencies.
Once these are available then incorporation of voltage tunable liquid crystals in other only very recently realized very thin microwave structures 22 looks likely to be very interesting. Further, because the resonant wavelength of very thin slits is reduced relative to that expected from the simple Fabry-Perot condition because of the field distortion due to skin effects then it would seem that long wavelength devices may be fabricated from very thin structures. Unfortunately there is a problem with this simplistic view. As the liquid crystal filled gaps become much less than 50 µm the modes broaden quite markedly due to the losses in the metal, the finite conductivity of the metal really does matter. Of course for resonant absorbing structures this will not be a problem but for other transmissive devices such as filters and phase shifters low insertion loss will be essential.
